Noninvasive risk stratification is important for screening for lethal arrhythmia. We developed a 187-channel signal-averaged vector-projected high-resolution electrocardiograph (187-ch SAVP-ECG) for detecting abnormalities in the spatial location of ventricular high-frequency late potentials (HFLPs) and ventricular repolarization.
NONINVASIVE risk stratification is important for screening for lethal arrhythmia. Breithardt, et al reported noninvasive detection of late potentials (LPs) as a new marker for ventricular tachycardia (VT). 1, 2) They demonstrated that LPs, which represent late depolarization of a mass of ventricular tissue after slow conduction, herald increased susceptibility to VT. Gomes, et al also reported that the combination of an abnormal signal-averaged electrocardiogram (ECG) and reduced EF may be useful for selecting high-risk patients for intervention.
3) The localization of the sources of high-frequency LPs (HFLPs) would help to identify the substrate leading to sustained VT before catheter ablation. Recent advances in electrophysiological mechanisms and therapeutic strategies have been striking. 4) A three-dimensional electro-anatomical mapping system is now often used for ablation of VT in various heart diseases. 5, 6) In addition, Aiba, et al have reported that recovery time (RT) dispersion measured from 87-lead body-surface potential mapping is a predictor of sustained VT in patients with idiopathic dilated cardiomyopathy. 7) Previously, we reported the spatial distribution of LPs assessed by 45-channel signal-averaged body-surface mapping. 8) Ramanathan, et al reported the activation and repolarization of the normal human heart under complete physiological conditions using an ECG recorded by a body-surface 224-multielectrode vest. 9, 10) Despite these advances, body-surface mapping has not become a routinely used clinical method. 11) One reason for this is that the handling and quantitative analysis of the sequence of excitation and repolarization in the heart using body-surface mapping are not easy. Recently, we reported the significance of three-dimensional RT dispersion using 64-channel magnetocardiography (64-ch MCG) for evaluating a repolarization feature. 12) We hypothesize that noninvasive combined evaluation of the spatial distribution of ventricular HFLPs and repolarization in patients with lethal ventricular arrhythmias is important. In the present study, we have developed a novel 187-channel (ch) signal-averaged vector-projected high-resolution electrocardiograph (187-ch SAVP-ECG) and X, Y, Z-lead ECG based on the concept of vector projection in the Mason-Likar system. We have verified the significance of our algorithm for detecting the location in space of the HFLPs and abnormalities in ventricular repolarization.
METHODS

Study population:
The study population consisted of 30 normal volunteers (CONTROL) and 13 patients with ventricular HFLP. Of the latter, 6 had old myocardial infarction (OMI), 6 had cardiomyopathy (CM) including one with arrhythmogenic right ventricular cardiomyopathy (ARVC), and one had Brugada Vol 48 No 6 syndrome. None of the CONTROL population had evidence of myocardial infarction (MI) in their histories or in 12-lead ECG. All patients underwent a 64-ch MCG. The existence of ventricular HFLPs was defined by X, Y, Z-lead ECG of SAVP-ECG. The patient characteristics are listed in the Table. The institutional  ethics committee approved the research protocols (H17-2) , and all patients gave their informed consent. All procedures were performed in accordance with institutional guidelines.
187-channel signal-averaged vector-projected high-resolution electrocardiograph (187-ch SAVP-ECG) :
The prototype 187-ch SAVP-ECG consisted of an electrode leads system, an input box, a high-precision amplifier (prototype; Fukuda Denshi Co., Ltd., Tokyo), and a personal computer with software specifically designed for custom data analysis. The input box generated modified X, Y, Z-lead ECGs and 187-ch SAVP-ECGs using the Mason-Likar lead system. The input signal (± 550 mV) was digitized at 2 kHz by an analogue-digital translate circuit (A/D) converter with a resolution of 0.076 µV. An isolation circuit recognized the electrical separation between the input and output circuits in the form of an optical signal, thereby preventing accidental exposure of the subjects to electrical currents. The control department consisted of a CPU, ROM, RAM, and an application program specifically designed for our purpose. The output section con- sisted of a visual display unit and a printer. The Mason-Likar lead system was used. We attached 10 electrodes; to the right shoulder (R), left shoulder (L), left lower abdomen, right lower abdomen, and precordial V 1 to V 6 . An electrode was connected to an input box at one end. A vector-projected property corresponding to an electrode position of 187 leads was determined as described above.
A vector-projected property for 187 fixed positions on a torso surface model, based on the theory reported by Frank 13, 14) was used. These representative points are shown in Figure 1 . Eleven parallel, equispaced transverse levels, with a 2-inch space between the levels, were used. Level 5 coincides with the second intercostal space and level 6 coincides with the center of the heart. Seventeen letter designations (A through I) indicate the intersection with each transverse level of radial lines, separated by equal angles of 11.25 degrees, emanating from the longitudinal anatomic axis of the torso. For an individual wave pattern of 187-channel ECGs, we calculated the electrical current density (ECD) from the 187-channel ECG signals using the following equation:
where F is the electrical current density (i = 1 ~ 187, j = 1 ~ 187), k is a proportion constant, and d (ch i , ch j ) is the distance between channel i and channel j .
In this algorithm, the RT interval was defined as the time difference between the peak points of the R waves of ECD and the occurrence of the positive maximum peak of the first derivative of the T wave of ECD. The Tpeak was defined as the occurrence of the peak points of the T waves of ECD. The Tpeak-end was defined as the time difference between the occurrence of the Tpeak and the occurrence of the maximum negative derivative of the T wave of ECD. The values for the mean RT dispersion were automatically calculated as the difference between the greatest RT interval (RTmax) and the smallest RT interval (RTmin). The values of Tpeak-end dispersion were also automatically calculated as the difference between the greatest Tpeak-end interval and the smallest Tpeak-end interval. Corrected RT intervals and Tpeak-end intervals were calculated using the Bazett formula as follows: 15) RTc dispersion = RTc max -RTc min Tpeak-end dispersion = Tpeak-end max -Tpeak-end min RTc and Tpeak-end dispersion maps were displayed as a 256-color coordinated map according to the time differences. In brief, time differences were scaled by color, with blue indicating < 40 ms (almost normal range of dispersion), yellow indicating 40-50 ms (slightly increased dispersion), and red indicating > 60 ms (extremely increased dispersion).
The modified X, Y, Z-lead ECG and the synthesized signals from the vectorprojected 187 ECGs were amplified and passed through a Finite Impulse Response (FIR) digital filter (frequency characterization: 27th order) with a low frequency of 45 Hz and a high frequency of 280 Hz, and then converted to A/D with 12-bits accuracy at 2000 samples/s. After rejecting ectopic beats, the ECG signals over 10 minutes were averaged with the signal-processing system. The nonfiltered X, Y, Z-lead ECG, filtered X, Y, Z-lead ECG, and vector magnitude ECG were displayed on the same time-scale. The interval of the filtered QRS The MCG studies were performed in the Biomagnetism Laboratory at the Memorial Heart Center of Iwate Medical University. The recordings were made in a magnetically shielded room using a 64-channel MCG (prototype; SQUID sensor, manufactured by Hitachi High-Technology, Co., Ltd., Tokyo). The details of measurements with the 64-ch MCG were described in our previous reports. 12, 16) Briefly, current signals from magnetic coils placed at precordial leads of the V 1 , V 2 , V 4 , and xiphoid regions were recorded, followed by a 10-minute recording in each subject in the same position. The recordings were digitized at 500 Hz, and the frequency characteristic was DC to 200 Hz. Subject interference was removed using a matched filter. The acquired MCG images were processed by custom software (MCG Manager, ICS, Co., Ltd., Morioka, Japan). The three-dimensional electrical current density and heart polygon map were generated using a space filter. 16) The spatial distribution of integrated HFLPs by 64-ch MCG was generated by the integrated current density of filtered QRS between 30 ms before the QRS end (QRS end -30) and the end of QRS (QRS end ). The integrated HFLPs map by 64-ch MCG was generated and demonstrated graphically by dividing the current density that exceeded 5 times the mean noise level. The positive HFLPs map by 64-ch MCG was represented by an increasing green scale. The HFLPs map by 64-ch MCG was superimposed on the three-dimensional heart polygon wall.
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Statistical analysis: All results are expressed as the mean ± SD and significance was defined as a P value of < 0.05. Analysis was performed using GraphPad PRISM software (San Diego, CA, USA). Unpaired t-tests were used to compare the mean values between different groups.
RESULTS
Representative 187-ch SAVP-ECG, filtered X, Y, Z-lead ECG and vector magnitude ECG, 64-ch MCG, RTc dispersion map, and the Tpeak-end dispersion map in normal volunteers ( Figure 2 ) and anterior MI (Figure 3 The RT interval was defined as the time difference between the peak points of R waves and positive maximum peak of the first derivative of the T wave of ECD. The Tpeak-end was defined as the time difference between peak points of T waves and the negative maximum peak of the first derivative of the T waves of ECD. Note that there are no significant increases in RTc dispersion (upper) and Tpeak-end dispersion (lower).
Spatial distribution of HFLPs by 187-ch ECG superimposed RTc dispersion maps and three-dimensional HFLPs maps by 64-ch MCG in representative inferior MI and posterior MI are shown in Figure 4 , and those in dilated cardiomyopathy (DCM) with complete left bundle branch block (CLBBB) and arrhythmogenic right ventricular cardiomyopathy (ARVC) with sustained VT are presented in Figure 5 The spatial distribution of HFLPs by the 187-ch SAVP-ECG map in cases with ARVC was in agreement with an increased RT dispersion that suggested a right ventricular outflow region. The spatial distribution of HFLPs by the 187-ch SAVP-ECG area map in the case with Brugada syndrome was located at the right ventricular outflow region, although there was no significant increased RT dispersion and Tpeak-end dispersion (data not shown).
The spatial distribution of HFLPs by 187-ch SAVP-ECG was in agreement with the spatial distribution of HFLPs by 64-ch MCG.
DISCUSSION
We have developed 187-ch SAVP-ECGs synthesized from 5 actual leads from the Mason-Likar lead system. Furthermore, we have determined the spatial distribution of RTc dispersion and Tpeak-end dispersion by 187-ch ECD and the spatial distribution of HFLPs by 187-ch SAVP ECG. The spatial distribution of HFLPs was verified by the 64-ch MCG. The integrated spatial distribution of HFLPs superimposed on the RTc and Tpeak-end dispersion maps by 187-ch ECD allowed us to evaluate the relationship between the spatial distribution of HFLPs and abnormalities in ventricular repolarization.
The image surface is a geometric representation of the relationship between a fixed-position current dipole inside a volume conductor and the electric potential that is produced on the boundary of the conductor. Many factors are believed to be responsible for the distorted "electrical view" of the heart. Frank proposed that a heart-vector projection theory provided deep insight into the nature of the relationship between torso surface voltage and the internal heart generator. 13, 14) The image surface differs slightly from the physical torso surface. The wave pattern in a representative 187-ch SAVP-ECG is similar to that obtained from the 64-ch MCG. However, a lower voltage pattern in precordial leads of V [5] [6] in the 187-ch SAVP-ECG was observed. In any event, this vector-projection property on the image surface is appropriate for an orientation of the fixed-position heart dipole. Usually, the standard ECG is displayed as a wave form that is converted by electrical potential. Essentially, an electrical phenomenon originates an electrical current within the heart. In this study, we have determined the electrical potential by the vector-projection theory, and we also have calculated the ECD at 187 channels. Based on this hypothesis, we have determined the RTc dispersion and Tpeak-end dispersion based on the ECD. This could possibly be used to measure the RTc dispersion and Tpeak-end dispersion in cases with T-wave inversion.
Conventionally, QT intervals are used as an index of repolarization abnormality and the QT interval is defined as the interval from a start point of the Q wave to the end point of a T wave. 17) QTc dispersion has been well-established by multi-channel body surface mapping. 7) However, visual examination and sophisticated quantitative analysis of QTc dispersion has not been fully established. Therefore, we have determined the RT interval and Tpeak-end interval automatically. Our hypotheses are as follows: RTc dispersion may be reflected by the dispersion of the activation recovery interval, and Tpeak-end dispersion may be reflected by the transmural dispersion. QTc dispersion may include RTc dispersion and Tpeak-end dispersion.
According to recent advances in electrophysiology, the M cell may contribute to an occurrence of transmural heterogeneity. The Tpeak-negative dispersion may reflect repolarization abnormalities of the transmural action potential. 18, 19) Shimizu, et al have reported that TWA observed at rapid rates under long-QT conditions is largely the result of alternation of the M-cell action potential duration, leading to exaggeration of transmural dispersion of repolarization during alternate beats, and causing development of torsades de points. 20, 21) In the present study, the values of RTc dispersion and Tpeak-end dispersion were significantly greater in patients with MI and DCM including ARVC. Interestingly, the location in space of increased RTc dispersion might be reflected by the location of necrotic myocardium in representative cases with MI. On the other hand, Tpeak-end dispersion is frequently increased in cases with DCM. Bogun, et al have reported that in patients with coronary artery disease who have nonsustained VT, inducibility of monomorphic VT is associated with an increase in QT dispersion. 22) Thus, QT (RT) dispersion may be helpful in predicting which patients with nonsustained VT are likely to have inducible VT by programmed stimulation.
HFLPs represent late depolarization of a mass of ventricular tissue after slow conduction and herald increased susceptibility to VT. The localization of the sources of HFLPs would help to identify the substrate leading to sustained VT before catheter ablation. We have previously demonstrated that the spatial location of ventricular HFLPs might be correlated with intracardiac fragmented activity in patients with sustained VT. 9) Volkmer, et al have reported an overall success rate with VT ablation using 3D electro-anatomical mapping (CARTO) in 47 patients, with a subgroup analysis comparing VT mapping performed during sinus rhythm or pacing (substrate mapping). 23) In the present study, we have demonstrated that a synthesized 187-ch SAVP-ECG can detect the spatial distribution of HFLPs and ventricular depolarization. Interestingly, the spatial distribution of HFLP in cases with ARVC is in agreement with an increased RT dispersion that suggests a right ventricular outflow region. We postulate that the area of substrate with nonuniform conduction can be screened by this synthesized 187-ch SAVP-ECG. Study limitation: Since our sample size is extremely small, further study with a large sample size and comparisons with electrophysiological studies will be
